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ABSTRACT 
The JNh!ERgO _OUTER (INO) and HNT_EGUMEhTA (ANT) genes are essential for ovule integument 

development in Arabidopsis thaliana. Ovules  of ino mutants initiate two integument primordia, but the 
outer integument primordium forms on the opposite side of the ovule from the normal location and 
undergoes no  further development. The  inner integument appears to develop normally, resulting in 
erect, unitegmic ovules that resemble those of gymnosperms. ino plants are partially fertile and produce 
seeds with altered surface topography, demonstrating a lineage dependence  in development of the testa. 
ant mutations affect initiation of both integuments. The strongest of  five  new ant alleles we have isolated 
produces ovules that lack integuments and fail to complete megasporogenesis. ant mutations also  affect 
flower development, resulting in narrow petals and the absence of one or both lateral stamens. Character- 
ization of double mutants between ant, ino and  other mutations affecting ovule development has enabled 
the construction of a model for genetic control of ovule development. This model proposes parallel 
independent regulatory pathways for a  number of aspects of this  process, a  dependence on the presence 
of an  inner integument for development of the embryo sac, and the existence of additional genes 
regulating ovule development. 

I N recent years, the  approach of isolating large num- 
bers of mutants affecting floral development fol- 

lowed by examination of genetic  interactions  among 
these mutations has led to the formulation of a highly 
predictive model of determination of floral organ iden- 
tity in Arabidopsis thaliana and Antirrhinum majus (re- 
viewed in COEN and MEYEROWITZ 1991; M.4 1994; 
WEIGEL and MEYEROWITZ 1994; YANOFSKY 1995). Much 
less is known, however, about  a critical late aspect of 
this process: the genetic  control of  ovule development. 

As the site of megasporogenesis, megagametogenesis 
and fertilization, and as the  progenitors of seeds, ovules 
play a series of critical roles in plant sexual reproduc- 
tion.  In angiosperms, ovules are  components of the 
gynoecium, the  set of organs occupying the  center of 
the flower. The gynoecium is composed of unit struc- 
tures,  the carpels, which may form free pistils or fuse 
together  into  a single compound pistil. The pistils con- 
sist  of a basal  ovary and a style,  which commonly termi- 
nates in  a  glandular stigma. Although ovules develop 
within the ovaries, the fact that they  evolved hundreds 
of millions of  years before the evolution of carpels and 
ovaries  (STEWART 1983) indicates that they should be 
considered  separate organs. While  small in size,  ovules 
of angiosperms comprise several morphologic  parts in- 
cluding  a nucellus (megasporangium),  one  or two in- 
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teguments (which subsequently develop into  the seed 
coat),  and a funiculus (which connects  the ovule to the 
ovary  wall)  (ESAU 1965; GASSER and ROBINSON-BEERS 
1993; REISER and FISCHER 1993). 

The  recent identification of mutants affecting ovule 
development in Arabidopsis, together with construction 
of transgenic petunia lines with altered ovules (ANGE- 

NENT et al. 1995; COLOMBO et al. 1995), has begun to 
shed light on  the genetic regulation of  this process. 
The majority of mutations isolated to date  produce de- 
fects in  integument  development. 

Mutations at  the recently described aintegumenta 
(an t )  locus lead to the  near  complete absence of integu- 
ments  (ELLIOTT et al. 1996; KLUCHER et al. 1996). Early 
in ovule development, ANT  is expressed specifically in 
the chalaza, the region from which the  integuments 
will emerge, consistent with an early role in promoting 
integument  formation (ELLIOTT et al. 1996). ant muta- 
tions also result in pleiotropic effects on petal shape 
and stamen  number (ELLIOTT et al. 1996; KLUCHER et 
al. 1996). Consistent with these additional effects, AN77 
was also found to be expressed in floral organ  primor- 
dia  (ELLIOTT et al. 1996).  The AhTgene was shown  to 
encode  a  protein with  similarity to the  product of the 
APETALA2 (AP2) gene  (ELLIOTT et al. 1996; KLUCHER 

et al. 1996). AP2 is known to have a role in petal identity 
and organ  number. This, together with the observation 
of  synergistic effects of the two genes in ant  up2 double 
mutants, indicates that  there is some overlap in the 
functions of these two genes  (ELLIOTT et al. 1996). 

aberrant  testa shape (ats) and bell I (bell ) mutants pro- 
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duce ovules  with single structures in place of the two 
integuments (ROBINSON-BEERS et al. 1992; LEON- 
KLOOSTERZIEL. et al. 1994; MODRUSAN et al. 1994; RAY et 
al. 1994).  In ats mutants, layers of both  integuments 
are  found in the single structure  that forms, indicating 
that this structure may represent a fusion of the two 
integuments (LEON-KLOOSTERZIEL. et al. 1994). In con- 
trast, integument identity in bell mutants  appears to  be 
completely lost, and the single structure  formed devel- 
ops into  an  aberrant collar of tissue, which sometimes 
develops further  into  a  complete ectopic carpel (ROB- 
INSON-BEERS et al. 1992; MODRUSAN et al. 1994; ELW et 
a/. 1994). BEL1 encodes  a putative transcription factor 
containing  a  homeodomain, and  the timing and pat- 
tern of BEL1 expression correlate with establishment 
of the  integument  primordia (REISER et al. 1995). 

s u p m a n   ( s u p ,  also  known asJ2orul mutant I O  or $01 0 )  
and short integuments I ( s i n l )  mutants  produce  altered 
integuments. The sup mutation, initially identified by 
its effects on stamen number  and carpel  development 
(SCHULTZ et al. 1991; BOWMAN et al. 1992), also pro- 
duces ovules in which the  outer  integument lacks the 
marked asymmetry found in WT ovules (GAISER et a/. 
1995). This results in ovules  with a  long  tubular  appear- 
ance  (GAISER et al. 1995).  The  recent  cloning of the 
SUPgene (SAKAI et al. 1995) has shown that it encodes 
a  protein with properties of a transcription factor. This 
same study also  showed that SUP  mRNA  is present only 
in the funiculus and  not in the  integuments, indicating 
an  apparent non-cell autonomous mechanism for  the 
role of this gene in integument development. s in l  
ovules  have both inner  and  outer integuments,  but  both 
of these structures  are  shorter  than those of  wild-type 
ovules due to reduced cell expansion (ROBINSON-BEERS 
et a/. 1992; LANG et al. 1994). 

Recent work  in petunia indicates that two genes 
(FBP7 and FBPl1)  encoding putative transcription fac- 
tors may  play a critical role in initiation of ovule  devel- 
opment in this species (ANGENENT et al. 1995; COLOMBO 
et al. 1995). Transgenic suppression of these genes 
causes a loss  of  ovule identity (ANGENENT et al. 1995), 
and transgenic overexpression of  FBPl I results in for- 
mation of ectopic ovules (COLOMBO el al. 1995).  Thus, 
these genes may be primary determinants of ovule iden- 
tity in petunia and may have counterparts with similar 
function in Arabidopsis (ANGENENT  and  COIDMBO 
1996). 

While the phenotypes produced by the Arabidopsis 
mutations provide insight into  the roles the  genes play 
in regulation of ovule development,  a  complete  under- 
standing of the regulation of  this entire process can 
only be achieved by studying the  interactions and epi- 
static relationships of the  different mutations. Herein 
we characterize the novel inner  no outer ( i n o )  mutation, 
which leads to specific  loss of only the  outer  integu- 
ment,  and five  new ant  alleles, which provide new in- 
sight into  the  function of this gene. By combining this 
analysis  with characterization of phenotypes of double 

mutant plants, and analysis  of other known  ovule muta- 
tions, we have assembled a preliminary model  for  the 
genetic regulation of  ovule development. 

MATERLALS  AND METHODS 

Plant  material: Seeds were sown in  a 1:l:l mixture of per- 
lite, vermiculite, and  peat moss. Plants were grown under 
continuous fluorescent and incandescent  illumination at 22- 
25" and fertilized weekly  with a  complete nutrient solution 
( ~ N Z  and KIRCHHEIM 1987).  Once  germinated,  the plants 
were treated weekly  with either malathion or  orthene  to con- 
trol insects. Genetic crosses were performed as previously de- 
scribed (KRANZ and KIRCHHEIM 1987). 

Mutant screen and allelic  designations: M2 Arabidopsis thali- 
ana ecotype Landsberg mecta plants, derived from ethyl meth- 
anesulfonate-mutagenized parent seeds (Lehle Seeds, Round 
Rock, TX), were screened  for female sterility as  previously 
described  (ROBINSON-BEERS rt al. 1992).  The a n t 4  allele was a 
gift from  DAPHNE PRUESS (University of Chicago) and derived 
from  a similar screen of seed  from ethyl nitrosourea  mutagen- 
ized material. All isolates are known to be independent as they 
differ significantly in phenotype or derive from independent 
pools of mutant seed.  During the course of this research, we 
learned  that  the laboratories of ROBERT FISCHER (University of 
California, Berkeley) and DAVID SMYTH (Monash University, 
Clayton, Victoria, Australia) had isolated mutants similar to 
ours that lacked integuments.  Complementation tests showed 
these other isolates were allelic to our isolates. Together, we 
agreed to use the AN?' designation  for this locus and collabo- 
rated  in  assignment of specific allele numbers to the different 
isolates. 

Genetic  mapping: The ANT gene was mapped relative to 
the cleaved amplified polymorphic  sequences (CAPS) mark- 
ers DHS and AG (KONIEGZNY and AUSUBEI. 1993) on F2 prog- 
eny (32  chromosomes analyzed for DHS, 36 chromosomes 
analyzed for AG) from an ant-4/ant-4 Ler X Go-3 cross. The 
IN0  gene was mapped relative to  the SSLP (simple  sequence 
length polymorphism)  markers  nga63 and nga248 (BEI.I.  and 
E(:KEK 1994) on F2 progeny (196 chromosomes analyzed) 
from  an ino/ ino Ler X Co-3 cross.  Map distances in both cases 
were determined using the MAPMAKER computer program 
(IAANIIER et al. 1987). 

Microscopy: Samples were prepared  for scanning  electron 
microscopy as  previously described  (ROBINSON-BEERS rl al. 
1992) and were examined on a IS1 DSlSO scanning  electron 
microscope (Topcon Technologies,  Paramus, NJ) at  an accel- 
erated voltage of 10 kV. The preparation and photography 
of sections of plastic embedded pistils was  as previously de- 
scribed  (ROBINSON-BEERS et al. 1992). For confocal laser scan- 
ning microscopy, Arabidopsis inflorescences were fixed and 
stained with fluorescent  periodic acid-Schiff (PAS) reagent as 
described by VOI.I.BRE(:HT and HAKE: (1995). For some sam- 
ples, an additional  aldehyde blocking step was performed by 
treating samples with a  saturated  aqueous  solution of dime- 
done (5,5-dimethyl-l,3-cyclohexanedione) overnight  at room 
temperature  prior to staining. The samples were then stored 
at 4" until ready for  further processing. Pistils from individual 
flowers or buds were then removed from  cleared  inflores- 
cences and were placed on a slide in  a small amount of methyl 
salicylate.  Visibility  of the cleared tissue was enhanced 
through  the use of dark field optics to facilitate dissections. 

Stained samples were examined and images were captured 
with a Zeiss  LSM 410 invert Laser Scan microscope, software 
version 3.50. Excitation illumination was from an Ar/Kr laser 
emitting  at 488 nm  and a barrier filter passing 515-540 nnl 
wavelengths was used to view the fluorescence. Image en- 
hancement  and false color  addition were accomplished using 



1111 Arabidopsis Ovule Development 

TABLE 1 

S u m m a r y  of ant and in0 isolates 

F2 segregation 

Mutant Description Observed X'r' P 

a n t 4  Minimal chalazal bend; low ridge of cells 64:21 (3.05:l) 0.004 0.95 
ant-5 Intermediate chalazal bend; ridge of cells 163:69 (2.36:l) 2.782 0.095 
ant-6 Intermediate chalazal bend; ridge of  cells 182:60 (3.10:l) 0.006 0.94 
ant- 7 Normal chalazal bend;  expanded ridge of cells 116:36 (3.22:l) 0.140 0.71 
ant-8 Normal chalazal bend;  expanded ridge of cells 125:36 (3.47:l) 0.598 0.44 

ino Transient chalazal bend, single integument 146:43 (3.39:l) 0.510 0.48 

" For expected 3:1, wild type:mutant. 

NIH Image software, v. 1.58 (available at http://rsb.info.nih.- 
gov/nih-image/). 

Double mutant analysis: ino bell: Homozygous ino plants 
were used to pollinate  emasculated bell-l /BELl plants. Seed 
was collected  from each of four F1 plants, all  of which exhib- 
ited a wild-type phenotype. Two resulting F2 families segre- 
gated for  both bell and ino with a  ratio of 545 wild type:258 
Bell-:161 Ino- plants. The  independent segregation of these 
genes is assured as they reside on different  chromosomes 
[chromosome Vfor BEL1 (RAY et al. 1994),  and chromosome 
Z for ZNO]. The absence of a phenotypically novel class of 
plants leaves three possibilities for  the  double mutant: the 
double  mutant could  be  lethal, have a Bell- phenotype, or 
have an  Ino-  phenotype, resulting in a 9:3:3, a 9:4:3, or a 
9:3:4 ratio, respectively. The large number of plants analyzed 
allowed us to statistically reject the 9:3:3 hypothesis (x' = 
35.2, P < and  the 9 3 4  hypothesis (x' = 59.6, P < 
lo-')), leaving only the 9:4:3 hypothesis (x' = 3.371, P = 
0.185).  This  indicates that  the  double  mutant has a Bell- 
phenotype. Because of the  complete female sterility of both 
mutants,  direct testing for  the  double  mutant genotype 
through crossing to homozygous single mutant plants is not 
possible. Crosses of putative double mutants to heterozygous 
plants  requires statistical analysis  with no advantage over the 
direct analysis of the F, generation. 

ino sinl: Homozygous ino plants were used to pollinate 
emasculated sinl-I/SINI plants. F2 seed was collected from 
each of eight phenotypically wild-type plants. A novel pheno- 
typic  class was observed among  the resultant F2 population, 
which segregated  103 wild type:30 Sinl-:47 Ino-3  Sinl-  Ino- 
plants, which did  not fit a 9:3:3:1 ratio (x' = 11.458, P = 
0.00949). However, sinl  is known to segregate at a lower ratio 
than 3: 1 ( -4:l) when planted in soil (ROBINSON-BEERS et al. 
1992; LANC et al. 1994).  The  data  more closely fit the 12:3:4:1 
ratio (x' = 7.7468, P = 0.05154) predicted  for  the  aberrant 
segregation of s in l .  

ino ats: Homozygous ino plants were used to pollinate  ho- 
mozygous ats plants. F2 seed were collected  from  each of two 
phenotypically normal F1 plants, both of which segregated for 
both mutations.  A novel phenotypic class was observed among 
the resulting F2 population, which segregated 62 wild  type:21 
Ino-:18 Ats-:6 Ino- Ats- (see RESULTS). These  data fit the 
expected 9:3:3:1 ratio (x' = 0.381, P = 0.94). 

ant  bell: Plants homozygous for ant-4 were crossed with 
plants heterozygous for bell-I, and plants homozygous for bell- 
1 were crossed with plants heterozygous for  either ant-5 or 
ant-6. Progeny of 18 of 28 F, plants  (all of which were pheno- 
typically  wild type) showed segregation for  both ant and bell. 
F2 results were similar for all three alleles of ant, allowing us 
to combine  the  data sets for statistical analysis. The  combined 
F2 segregated 469 wild type:213 Antf:187 Bell- plants. The 
independent segregation of these genes is assured as they 

reside on different  chromosomes [chromosome  Vfor BEL1 
(RAY et al. 1994),  and  chromosome Nfor  ANT]. The absence 
of a novel phenotype  for  the ant bell double  mutant leaves 
three possibilities for  the  double  mutant phenotype;  lethal, 
Ant-, or  Bell-, which would result  in 9:3:3, 9:4:3 and 9 3 4  
ratios, respectively. We were able to statistically exclude the 
9:3:3 (x' = 19.7, P = 5 X and 9:3:4 (x' = 20.4, P = 4 
X 1V5) ratios, but  not  the 9:4:3 ratio (xy = 4.44, P = 0.1 l ) ,  
indicating an Ant- phenotype  for  the  double  mutant. As men- 
tioned above, direct testing for  the genotype of the putative 
double  mutants was not possible due  to  the complete female 
infertility of both mutants. 

ant sinl: Homozygous ant-4 plants were used to pollinate 
plants heterozygous for s in l .  All F, plants were phenotypically 
wild type. Progeny of two of  five F1 plants (all of which were 
phenotypically wild type) showed segregation  for both a n t 4  
and sinl .  Families including both Ant-4- and S i n -  plants 
also segregated for plants with the  Sinl- vegetative phenotype 
and Ant-4- ovules. The segregation ratios in these families 
(51 wild type:lO Ant-:7 Sinl-:2 Ant- Sinl-) did not conform 
to a 9:3:3:1 ratio (x' = 8.324; P = 0.04) but did  conform to 
the 12:4:3:1 ratio  predicted  for this cross (x' = 4.881, 1' = 
0.18) (see above). 

ant  sup: Homozygous sup-5 plants were used to pollinate 
plants heterozygous for ant-5. All F, plants were phenotypi- 
cally  wild type. Progeny from the subset of F, plants that 
showed segregation for both ant-5 and sup-5 in the F' genera- 
tion (two of three F2 families examined) were further ana- 
lyzed. These families also included  plants with Sup-5- flowers 
and Ant-5- ovules, and  the frequencies of all phenotypes (84 
wild type:30 Ant-: 25 Sup-5-.:6 Ant- Sup-5-) were consistent 
with the expected 9:3:3:1 ratio (x' = 1.575, P = 0.67). 

ant ino: Homozygous ino plants were used to pollinate 
plants heterozygous for ant-5. All F, plants were phenotypi- 
cally  wild type. Progeny from the subset of F, plants that 
showed segregation for both ant-5 and ino in the F, generation 
(two of five F2 families examined) were further analyzed. The 
independent segregation of' these genes is assured as they 
reside on different  chromosomes (chromosome I for ZNO, 
and  chromosome  Wfor ANT). A novel phenotype for  the ant 
ino double  mutant was not  found, leaving three possibilities 
for  the  double  mutant  phenotype; lethal,  Ant-, or  Ino-, which 
would result  in 9:3:3, 9:4:3 and 9:3:4 ratios, respectively. We 
were unable to statistically exclude any of the possibilities; 
9:3:3 (x' = 5.2, P = 0.07), 9:4:3 (x' = 5.0, P = 0.08) and 
9:3:4 (x' = 1.3, P = 0.53). From this population we selected 
10 phenotypically Ant-  plants (the F,,' generation)  and back- 
crossed these plants to wild-type Ler  plants as a first step in 
evaluating their genotype at  the ZNO locus. Approximately 10 
FI' plants  from  each cross were planted  and, as expected, all 
were phenotypically wild type. These  plants were allowed to 
self-fertilize, and seeds were collected from each. F2' plants 
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were then scored for the Ant- and  Ino- phenotypes. All FZ’ 
populations from all F,’ parents segregated for the ant muta- 
tion, indicating that, as expected, each F,’ plant was heterozy- 
gous for ant because each F,’ plant was homozygous for ant. 
In addition, for two of the F,’ plants, all F1’ plants (nine of 
nine and  13 of 13)  produced Fp’ populations segregating for 
ino. x‘ analysis  shows that  the probabilities that these two F,’ 
plants were not homozygous for ino was  0.0027 and 0.00031, 
respectively. Therefore, these two phenotypically An-  F,’ 
plants were  homozygous for both ant and ino, demonstrating 
an A n -  phenotype for the double  mutant. 

RESULTS 

Isolation of ant and ino mutants: We  have  previously 
described the isolation of  Arabidopsis  ovule mutants 
through  screening  a mutagenized population for re- 
duced female fertility (ROBINSON-BEERS et al. 1992).  In 
a  continuation of this screen, five  new isolates  were 
found  that  had ovules  with reduced or absent integu- 
ments. Through  direct  complementation tests these 
mutants [originally referred to as dragon mutants, (GAS- 
SER et al. 1994)l were found to represent new  alleles of 
a locus now termed aintegumenta ( a n t )  (ELLIOTT et al. 
1996; KLUCHER et al. 1996).  Another isolate, with  ovules 
lacking only the  outer  integuments,  represented  a dif- 
ferent locus termed inner no outer ( ino)  (GAISER et al. 
1995). Table 1 summarizes the phenotypic effects of 
each of these mutations. The five ant isolates constitute 
an allelic series displaying a range in the severity  of 
effects on integument  formation,  but all five exhibit 
complete female sterility. In contrast, the ino mutant 
produced  a very  small number of aberrant  but viable 
seeds. Plants homozygous for ant or ino mutations were 
vegetatively normal,  other  than exhibiting general ef- 
fects associated with infertility. All  five ant alleles and 
the ino mutation showed segregation ratios very close 
to 3:l  (Table l) ,  indicating that they represent single 
recessive loci. 

The ANTgene was mapped to chromosome N, show- 
ing 0% recombination with molecular marker DHSl 
out of 32 chromosomes examined and 19% recombina- 
tion with AG out of  36 chromosomes examined.  The 
IN0 gene  mapped to chromosome I, showing  13.5 and 
6.2% recombination with molecular markers nga63 and 
nga248 (BELL and ECJSER 1994), respectively (196 chro- 
mosomes examined). 

Wild-type  ovule  development: Figure 1 shows  scan- 
ning electron micrographs of representative stages of 

wild-type and ino ovule development. Arabidopsis  ovule 
development takes  place during stages 8-14 of flower 
development (flower development stages from SMWH et 
al. 1990) and has been previously described (ROBINSON- 
BEERS et al. 1992; MODRUSAN et al. 1994; SCHNEITZ et 
al. 1995). SCHNEITZ et al. (1995) recently proposed a 
nomenclature for the stages of ovule development, and 
this  system  will  be used  in our descriptions. During ovule 
stage 1, finger-like  ovule primordia initiate from the 
placental tissue in the ovary. In stage 2-11, the  inner 
integument is initiated through division and expansion 
of a symmetrical ring of cells at the chalaza, demarcating 
the terminal nucellus and supporting funiculus (Figure 
1A). In stage 2-111, the outer  integument initiates as 
an asymmetrical  wedge of cells proximal to the inner 
integument (Figure 1B). The wider part of  this integu- 
ment primordium is characteristically oriented toward 
the base of the ovary and toward the septum separating 
the two locules of the ovary.  For  ease  of description, we 
refer to this  as the abaxial side of a developing ovule. 
During stages 3 and 4, the inner  integument expands 
symmetrically, enveloping the nucellus. The  outer integ- 
ument expands asymmetrically and covers the inner in- 
tegument as a result of extensive  cell  division,  cell elon- 
gation on  the abaxial  side of the primordium,  and 
minimal  growth on the opposite or adaxial side (Figure 
1, C-E) . Throughout this  process,  asymmetrical expan- 
sion of the funiculus leads to a marked curvature of this 
structure (Figure 1, B  and C) in the abaxial direction. 
In addition,  a progressive bending occurs at the chalaza 
in a direction opposite to the curvature of the funiculus 
resulting in an overall Sshape of the ovules (Figure 1, 
A-E) . During stage  2,  meiosis  occurs  within the nucellus 
(SCHNEITZ et al. 1995),  and  during stage 3, one of the 
resulting megaspores goes on to form the embryo  sac 
(visible  in  Figure  2A). 

in0 ovule  morphogenesis: In early development, ino 
ovules exhibit the same abaxial curvature toward the 
septum and base  of the ovary  observed in wild-type 
ovules (Figure 1, F  and G). Initiation of the  outer integ- 
ument  (at stage 2-111) marks the  onset of deviation from 
wild-type development. The asymmetric form of the 
Ino-  outer  integument  primordium resembles that of 
a wild-type  ovule;  however, the wider region of the  outer 
integument primordium in the  mutant is oriented away 
from  the septum and toward the  top of the ovary on 
the adaxial side of the ovule primordium (Figure 1, G 

FIGURE 1.-Scanning electron micrographs of  ovule development in wild-type arabidopsis and ino mutants. In all panels the 
base of the ovary (and hence,  the abaxial  side of the ovule primordia) is to the left. (A) Wild-type  ovules at stage 2-11. The inner 
integument has initiated and separates the nucellus and funiculus. Bar, 18 pm. (B) Wild-type  ovules at stage 2-111. The  outer 
integument has initiated on  the abaxial side of the ovule primordia. The funiculus has begun to  curve  in the abaxial direction 
and  the nucellus has begun to bend in the adaxial direction. Bar,  25 pm. (C) Wild-type  ovules at stage 3-1. Bar,  25 pm. (D) 
Wild-type  ovules at stage 41 (anthesis). Bar,  25 pm. (E) Wild-type  ovules at stage 41 (anthesis);  a pollen tube (arrows) is  visible 
entering  the micropyle of one ovule.  Bar, 17 pm. (F) Ino- ovules at stage 2-11. Bar,  12 pm. ( G )  Ino- ovules at stage 2-111. The 
outer integument primordia are initiating on  the adaxial  sides of the ovule primordia. Bar, 20 pm. (H) Ino- ovules at stage 3- 
I. Bar, 20 pm.  (I) Ino- ovules at stage 41. The  inner  integument has covered the nucellus; micropyles  face the base of the ovary. 
Bar, 25 pm. (J) Ino- ovules at stage 41. Pollen tubes (arrows) grow apparently at random. Bar, 17 pm. f, funiculus; ii, inner 
integument; m, micropyle; n, nucellus; oi, outer integument. 
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FIGURE 2.-Anatomy of wild-type, Ant- and Ino- ovules.  All panels are confocal  sections of ovules  stained  with  PAS, except 
as noted. (A) Wild-type ovule  at  stage 41.  Bar, 30 pm. (B) Plastic embedded section of Ino- ovule  at  stage 41. Bar, 20 pm. (C) 
Ant4- ovule  at  stage 41.  The integumentary  ridge  is not evident  in this section. Bar, 10 pm. (D) Anta- ovule  at  stage 41. Bar, 
15 pm. (E) Ino- AB- double  mutant  ovule  at  stage 41 .  Bar, 30 pm. c, chalaza; es, embryo  sac; f, funiculus; ii, inner  integument; 
ir, integumentary  ridge;  mmc,  megaspore  mother cell; n, nucellus; oi, outer  integument. 

and H) . Thus, initiation of the outer integument of an 
Ino- ovule  occurs at a  position -180" rotated from, 
or opposite, the normal  site of initiation. Despite the 
misorientation of the outer integument primordium 
there appears to  be normal initiation of adaxial bend- 
ing at the chalaza  (Figure 1, G and H) . 

Further development of the inner integument of an 
Ino- ovule appears to  proceed  normally  with  anticlinal 
divisions of the primordial cells producing  a sleeve-like 
inner integument, which  covers the nucellus  (Figure  11). 
In  contrast, the outer integument undergoes  little  addi- 
tional  development,  remains  rudimentary, and fails to 
cover the inner integument (Figure 1, I and J) . At anthe- 
sis,  only the inner integument covers the  nucellus.  Fur- 
thermore, apparently as a  result of the absence of an 
outer integument, bending at the chalaza  does not prog- 
ress as far as in wild-type  ovules, and the overall  shape 
of Ino- ovules  is that of a C rather than the S shape seen 
in wild-type  ovules (compare Figure 1, I with C and D) . 

Thus the micropyle (the opening in  the  integuments) 
of Ino- ovules  is not adjacent  to the funiculus but is 
essentially  along  a  line  from the funiculus through the 
nucellus.  Taking  all  features into account, Ino- ovules 
can  be  classified as unitegmic and orthotropous. 

After anthesis and pollination, the behavior of pollen 
tubes  within the Ino- pistils  also  differs  from that of 
wild type.  Pollen tube growth  occurs  in an apparently 
random fashion  from the septum to the surface of the 
ovules  (Figure 1J). In contrast, in wild-type  pistils pollen 
tubes typically  make their way from the septum to the 
micropyle of the ovule along the funiculus  (Figure 1E 
and see HULSKAMP et al. 1995). 

Figure 2B illustrates the internal anatomy of an Ino- 
ovule.  Like the inner integuments of  wild-type  ovules 
at the time of anthesis (SCHNEITZ et al. 1995), those of 
Ino- ovules  consist of two cell  layers, except near the 
chalaza  where three layers occur. The  inner integu- 
ments of Ino- ovules  were  less  curved than those of  wild- 
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FI(;I 'KI.  :I."Sc;unning rlrctron n~icrogl;~phs of \viIcl-type ; t n d  Ino seeds. ('1) M'ild-type. scctl. I h r ,  4.3 pnn. (15) I n o  scctl. Ihr,  
45 ptn. ( C )  Srlrfilcc fixtures 01' wild-typc seed. Bar, I O  pm. (D) Srlrfnce  features of  1110- seed. I h r ,  I O  p n .  In, micropyle: 11, 

hilum; c,  columrlla. 

type  ovules.  Within the nucellus an apparently normal 
cmhryo sac is formed. 

Abnormal features of Ino- seeds: The in,o mutation 
dramatically reduced female fertility with each homozy- 
gous ino plant producing approximately one to three 
seeds. The abnormal  shape of such seeds is illrlstrated 
in Figure 3. Wild-type  ovules exhibit  amphitropous mor- 
phology, where the funiculus attaches in  close proxim- 
ity to the micropyle (Figure 1E). As a result, the hilum 
(the scar left following detachment from the funiculus) 
is adjacent to the micropyle in  wild-type seed (Figure 
SA). The  orthotropous form of Ino- ovules leads to  the 
positioning o f  the micropyle and hilum at opposite 
ends of the seeds of ino plants (Figure 3 % ) .  Embryos 
formed within 1110- ovules appear normal in outline 
bcneath  the  seed coat. We have not specifically  mea- 
surcd  the  dormancy  period  required  for efficient germi- 
nation of Ino- seeds. However, we do observe a signifi- 
cant frequency of germination of undessicated seeds 
while  they are still  in the siliques of parental plants 
(vivipary), indicating that these seeds exhibit  reduced 
dormancy. 

The  outer surfaces of 1110- seeds also differ from 
those of  wild-type seeds (compare Figure 3, C and D). 
"hereas  the seed coat of a wild-type seed comprises 
both  the inner integument  (tegmen) and  outer integu- 
ment  (testa),  that of an  Ino- seed derives only  from 
the  inner  integument. The  outer surface of a wild-type 
seed coat consists of  relativcly isodiametric, polygonal 
cells  with central elevations (the columellae) (Figure 
3C) .  By contrast,  the outer surface of the seed coat of 
an Ino- seed is made up of elongated cells that lack 
columellae (Figure 3D). The normal yellow-brown 
color of Arabidopsis seeds results from pigmentation of 
the  inner lavers  of the tegmen. 1110- seeds were normal 
i n  color,  indicating  that this aspect of differentiation of 
the  inner integument  into  the tegmen was normal. 

ant ovule  morphogenesis: Plants homozygous for any 
of the five an./ alleles we have isolated exhibited incom- 
plete integument  development. As illustrated in Figure 
4, however, the  degree to which the  integuments de- 
velop varied among  the different alleles. In the strong- 
est ant allele (the allele with the greatest deviation from 
wild type, an/+, ovule primordia form and develop 



FIGURE: 4.--Scanning clectron micrographs of A n -  mutant ovules. (X) A n t 4  ovule a t  stage 41. The cells of thc nucellus 
and funiculus are  clearly differentiated from one another. Bar, 20 pm. (B) Ant-5- ovule at  stage 41. The integumentary  ridge 
of cells is  larger  than  that of Ant-4- ovule. Bar, 20 pm. (C) Ant-8-  o\.ule  at  late stage 2. Bar, I O  pm. (D) Ant-8- ovule  at  stage 
4-1. The integumentary  ridge of cells has expanded to almost corer the nucellus. Bar, 14 pm. f, funiculus: ir, integumental-\. 
ridge; n, nucellus. 

normally through stage 2-1 (data  not  shown).  During 
stages 2-11 and 2-111, in place of the two integument 
primordia, only a slightly elevated ridge of  cells, the 
“integumentary  ridge,” forms at  the chalaza of ant-4 
ovules (Figure 4A). The integumentary ridge demar- 
cates the nucellus and  the funiculus but  undergoes no 
further  expansion. Development of other parts of the 
ovule does not immediately arrest, however, as the ef- 
fects of subsequent differentiation of the surface cells  of 
the nucellus and funiculus are clearly  visible at anthesis 
(Figure 4A). In a slightly  weaker allele (ant-5), the ridge 
of cells undergoes limited asymmetrical expansion, and 
the ovules  take on  more of the characteristic S shape 
of  wild-type  ovules (Figure 4B). In the weakest allele 
(an“, the  integumentary  ridge  expands  further and, 
in some cases, partially surrounds  the nucellus and su- 
perficially resembles an  outer  integument (Figure 4, C 
and D). M’hile the ovules pictured i n  Figure 4 are typical 
of the  different on/ alleles, there is significant variability 
among individual ovules  in plants homozygous for  each 

allele. There is some overlap in phenotypes observed 
for alleles that are adjacent  to each other in the allelic 
series. For example,  the most  severely affected ovules 
of ant-5 mutants  are similar to the least affected ovules 
of ant4  mutants. There is,  however,  essentially no over- 
lap between phenotypes of the strongest and weakest 
alleles. 

ant ovule anatomy: To  determine  the effects  of ant 
mutations on embryo sac development and  to reveal 
further details of aberrations in integument develop 
ment, confocal laser scanning microscopy was used to 
examine serial optical sections of >400 Ant- ovules.  In 
the vast  majority  of these sections, we observed a single, 
enlarged cell, clearly differentiated from the sur- 
rounding tissue, near  the tip of the nucellus (Figure 
2C). A megaspore tetrad was never observed. Together, 
these obsenmions led us to interpret  the differentiated 
cell as being a megaspore mother cell, and to conclude 
that meiosis did  not  occur in any  of our an/ mutants. 

Analysis  of the weakest allele, an/-& showed from 
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which  cells  of the chalaza the  integumentary ridge arose 
(Figure 2D). Comparison of  Ant-8-  ovules  with  wild- 
type  ovules  of similar size (see Figure lB, for  example) 
revealed that  the number of  cells  giving  rise to the 
integumentary  ridge of  Ant-8-  ovules, and  the two in- 
teguments of  wild-type  ovules was roughly equivalent. 
Therefore,  at least in the weakest ant allele, the integu- 
mentary ridge derives from cells that would give rise to 
the two integuments  in wild-type  ovules. 

Effects  of ant on other floral structures: Flowers  of 
homozygous ant plants exhibit other abnormalities in 
addition to aberrant ovule development. A n -  petals 
are  narrow and have somewhat irregular margins when 
compared with  wild-type petals (compare Figure 5, A 
and B) , No variations were seen among  the petal pheno- 
types  of the  different ant alleles, indicating that petal 
shape is less affected by variations in  the alleles than 
are ovule phenotypes. A n -  flowers  have a variable, but 
generally reduced,  number of stamens. Flowers  with 
four, five, or six stamens were commonly observed, and 
the  mean  number of stamens in a  count of 110 flowers 
was 4.6 (us. 5.75 for 101 wild-type flowers). The reduc- 
tion in  stamen number resulted specifically from loss of 
lateral stamens as four medial stamens were  invariably 
present. All six nectaries were present in most mutant 
flowers;  however, in a small number of  cases  (six  of  110 
flowers) absence of a lateral stamen was accompanied 
by absence of the associated lateral nectary. 

Pistils  of ant plants showed slight but consistent devel- 
opmental  aberrations. The stigmas of Ant- pistils  were 
somewhat smaller in size and consisted of a smaller 
number of stigmatic cells than  did  the stigmas of wild- 
type  pistils (compare Figure 5, E and  F). 

Genetic analysis: Double mutant analysis was per- 
formed with ant, ino and  other known  ovule develop- 
ment mutations to assess genetic  interactions. Appro- 
priate crosses  were made to generate  populations  that 
segregated for  both  mutations  being  studied and that 
would include plants homozygous for  both  mutant 
genes. Representative single and  double mutants are 
illustrated in Figure 6. 

ino bell: Ovules of plants homozygous for bell muta- 
tions initiate only a single asymmetrical integument-like 
structure (ILS) in place of the two integuments of  wild- 
type  ovules (ROBINSON-BEERS et al. 1992; MODRUSAN et 
al. 1994).  In  the case  of the bell-1 allele, the ILS forms 
an  amorphous collar of tissue that  surrounds,  but  does 
not cover, the nucellus (ROBINSON-BEERS et nl. 1992). 

A  population of 964 plants segregating for  both ino 
and bell-I included only  wild-type plants,  Ino- plants, 
and  Bell- plants. The  independent segregation of these 
genes is assured as they reside on different  chromo- 
somes [chromosome  Vfor BEL1 (RAY et al. 1994) and 
chromosome I for INO]. We thought it possible that 
the earliest aberrations  in  integument  primordium  for- 
mation resulting from the ino mutation could occur 
before  the first effects of the bell-I mutation and result 
in a novel phenotype. Close examination of the  Bell- 

plants failed to reveal a subset with a clear consistent 
difference from other members of this  class.  Statistical 
analysis  of the  data  (see MATERIALS AND METHODS) dem- 
onstrates  that we can reject all hypotheses except  that 
of the  double  mutant  being indistinguishable from  a 
bell-1 single mutant. This indicates that bell-1 is epistatic 
to ino. 

ino sinl:  In  the Landsberg erecta  background, plants 
homozygous for sinl form ovules  with short integu- 
ments and  an exposed nucellus (ROBINSON-BEERS et al. 
1992; LANC et nl. 1994) (Figure 6A). In addition to 
this  ovule phenotype, Sinl- plants exhibit  a  number of 
pleiotropic effects including small  leaves, short in- 
ternodes, and stamens that  mature  later and  produce 
significantly  less pollen than those of  wild-type plants 
(ROBINSON-BEERS et al. 1992; L A N C  et al. 1994). 

Three plants with the  Sinl- vegetative phenotype, 
but with  ovules that differed significantly from Sinl- 
ovules,  were identified in a population segregating for 
both sinl and ino. Like the ovules of ino single mutants, 
ovules  of these plants had  aberrantly  oriented, abortive 
outer  integuments (Figure 6B). However, in contrast 
to ino single mutant ovules, the inner integuments of 
these ovules did not fully expand  and failed to cover 
the nucelli. Thus these plants exhibited  a  combination 
of features of both  Ino- and  Sinl- phenotypes. This, 
together with their frequency in  the  population (see 
MATERIALS AND METHODS), indicated  that these plants 
were sinl  ino double  mutants.  Thus,  the effects of the 
sinl and ino mutations appear to be largely additive. 

ino ats: Ovules of plants homozygous for ats produce 
only a single integument in place of the two normal 
integuments (Figure 6D) (LEON-KLOOSTERZIEL el nl. 
1994).  On  the basis  of  cell  layer numbers and internal 
anatomy, it has been hypothesized that  the single inte- 
gument of Ats- ovules results from a fusion of the  inner 
and  outer  integuments (LEON-KLOOSTERZIEL et nl. 
1994). Ats-  ovules include  normal embryo sacs, are fer- 
tile, and develop into aberrantly shaped seeds (LEON- 
KLOOSTERZIEL et al. 1994). 

Plants with a novel  ovule phenotype were identified 
in a population segregating for  both nts and ino. Ovules 
of these plants exhibited  the Gshape characteristic of 
Ino- ovules, but  separation of the  aberrantly  oriented 
outer  integument  primordium  and  the  adjacent  inner 
integument  primordium was incomplete (Figure 6, E 
and  F). Further  development of the  inner integument 
consisted primarily of lateral expansion and  the  normal 
sheath-like character of the inner integument was never 
observed. Rather, only a thickened region of tissue, con- 
tiguous with the abortive outer  integument, was formed 
in place of the  inner  integument (Figure 6, E and  F). 
Both the  phenotype and frequency of plants with the 
novel  ovule phenotype were consistent with their being 
ino ats double  mutants  (see MATERIALS AND METHODS). 
In contrast to both ats and ino single mutants, which 
produce  normal embryo sacs, the nucelli of ats ino dou- 
ble mutant ovules included single enlarged cells  with 
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FKXXI'. .',.-Other I I C P  
ral cll'ccts of / I n / .  ( A )  
\,\'iltl-typc petals. Bar, 1.3 
m n 1 .  (D) A n t  p~~tills. 
\!. . '11 .. ION- pctals with irwg- 
u l a r  tmrgins. nar. 1.3 
m m .  ( C )  Sin1 ~ petals. 
Thrsr pctals arc  slightl! 
n : ~ r r o w c ~ -  t h a n  w i l d  typc. 
Bar, 1.3 lnln. (D)  Ant 
Sin1 ~ pctals. ku-, 1.3 
mm. (E) W~ld-type pistil. 
h r ,  I50 p n .  (F)  Ant- 
pistil.  Somewhat stnallcr 
stigma  with fewer cclls 
t h a n  wild rypc. Bar, 1.50 
p 111. 

110 evidence of further emblyo sac development  (Figure significant o\,errepresentation of the Ant- phenotype in 
E ) .  Thus. whilc neither in0 nor o/.s mutations prevents the segregating population, and this o\lerrepresentation 
emhl-\,o sac formation,  the  combination of the two lead was consistent only  with an Ant- phenotype for the 
to the loss of this structure.  double  mutant (see SI;\Tl.:KIAI.S ASI) Slr..Tllons). M'e con- 

ern/ hdl: Of 869 plants segregating for both un/  (ei- clude,  therefore,  that  the double mutants were indistin- 
thcr m?/-4, -5, or -6) and /wll-I, no plants with  novel gtlishable from n n /  mutants  and that the tested allcles 
phenotypes were obselyed. Statistical  analysis  showctl of ( r n /  wcre epistatic to hall-I. 
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FI(X.IW (i."Scanning c*lcctron tnicrographs of  representative  tlouble  mutants. (A) Sin 1 ovules a t  stage' 4-1. l k ~ r ,  1 i pnl. (H) 
Ovrtlcs of ;In i m  .s in/ tlor~blc mutant at  stage 41. Rar, 22 pm. ( C )  Ovule of an on/-4 s i v I  double mutant  at stagc 4 1  displaying 
rhc A n t  phrnotypc. This  particular o v u l c  does not have a prominent integumentary ridge. Bar, 10 pm. (D) A t s  ovules at stage 
41. Thc  singlr  inreg~umrnt covrrs t h c  nucrllus  and a pollen tube is visible entering a micropyle. Bar, 28 pm. (E)  Ovdes of an 
ivo d s  d o r l l d c  mutitnt at stage 41. h r ,  22 pm. (F)  0\11lc of an in0 cr/r clouble mutant at  stage 41. Dar, 14 pm. (G) Sup1 -.Y 
ovules at stage 41. Nok. thc rcducetl ;\symlnetry of the outer integument relative to wild-type OIII~CS (Figure ID). Bar, 30 pm. 
(13) Ovulr o f  an m l - 5  s11/+5 t l o r l b k !  mutant a t  stage 4 1  disphying Xnl-5- phenotype. 1hr, 10 pm. ( I )  I'istil of  an m l - j  s?+5 
t loub lc  mutmt a t  stage 41 displaying Ole Sup.5- phcnotype. Ant-4 ovules can be seen  emerging from the o w n  wall (arrows). 
Ikw, I38 pm. a, anthcr--likr structw-r; I, funiculus; ii, inner intcglunenr;  ir, integument at^ ridge; m, micropyle; 11, nucellus; o, 
o w ?  w d l ;  o i ,  o ~ ~ t c r  intrgumcnt; s. stigmatic tissrlr; i ,  intc:gumcnt (of  N / S  mutant). 

mn/ sinl: Two plants displaying the novel phenotypic 
combination  ofhaving Ant- ovules and Sin1 ~ vegetative 
charactcristics were identified from among 70 plants 
segrcgating for nn/-4 and s i n l .  On  the hasis of these 
characteristics and tllc frequency of these plants in the 
population  (sce MA'I'I.:KIAI.S / \XD MKT1 IODS), we conclude 
that these plants represent  ml-4 sin I double mlitants. 
Ovules o f  thcse plants could not be distinguished from 
those ofm/-4single mutants  (Figurc 6C), and we there- 
fore concltde that o n /  is epistatic to sin1 with respect 
to integument  dcvelopment. 

The  ml-4 sin1 douhlc  mutant plants displayed addi- 
tional novel floral ahnormalities. In  flowers  of these 
plants second whorl organs were reduced i n  width, com- 
monly hcing tendril-likc structures approximately equal 
i n  length to normal petals (Figure 5D).  The cells on 
the surfhce of these organs, however,  were similar to 

those of wild-type petals at  the level of resolution of the 
scanning  electron microscope (data  not  shown). s i n  I 
single mutants have not previously been  reported to 
have aberrant petals (ROBINSON-BEERS p/ d .  1992; L.\sc; 
PI crl. 1994). Direct comparison of petals from Iiomoy- 
gous sin1 mutants to those from  wild-type plants reveals 
a subtle difference in  width (compare Figure 5 ,  C with 
A).  However, further analysis will he necessary  to con- 
clusively determine if the shapes of the S i n -  petals 
actually  fall outside  the range of variation of  wild-type 
petals. As seen i n  on/ single mutants, lateral stamens 
were commonly absent in  flowers  of these plants. How- 
ever, the  anthers of the stamens that were present USII- 

ally  failed to dehisce and contained even  less pollen 
than those of sin1 single mutants. 

o n /  sup: In s z l p  mutant plants, additional stamen tis- 
sue is produced at the  expense of carpel tissue Icading 



1120 S. C. Baker et al. 

to the  presence of extra stamens, stamens fused to re- 
gions of carpelloid tissue (when present),  and carpels 
(when present)  that  often  are not closed (SCHULTZ et 
al. 1991; BOWMAN et al. 1992).  Sup- ovules  have long, 
tubular  outer  integuments due to a decrease in  the 
asymmetrical growth pattern characteristic of  wild-type 
outer  integuments (GAISER et al. 1995) (Figure 6G). 

A  population  segregating  both  for ant-5 and sup-5 
mutations included plants with the increased stamen 
number  and  reduced  carpel tissue characteristic of ho- 
mozygous sup mutants (Figure 61) and plants that also 
produce phenotypically Ant- ovules (Figure 6H)  and 
Ant- petals (not  shown). Based on this phenotype and 
statistical  analysis (see MATERIALS AND METHODS), these 
plants were identified as being homozygous for  both 
ant-5 and sup-5. These plants show that ant-5 is epistatic 
to sup-5 with respect to  ovule development and that 
ANT and SUP act in relative independence in their ef- 
fects on  other floral organs. 

ino ant: A  population segregating for  both ino and 
ant-5 included only plants with the wild-type, Ino-,  and 
Ant-5- phenotypes. The ratios between these pheno- 
types  were such that we were unable to rule out  either 
Ino-  or Ant-5-  as the  double  mutant  phenotype.  There- 
fore, 10 phenotypically Ant-5- plants were tested geneti- 
cally for  the  presence of the  mutant ino gene. Two  of 
these plants were  shown to be homozygous for  both 
ant and ino mutations  (see MATERIALS AND METHODS), 
demonstrating  that ant-5 is epistatic to ino. 

DISCUSSION 

Effects and genetic  interactions of the ino muta- 
tion: It has been previously noted  that  a critical early 
step  in ovule development is the  separation of the ovule 
primordium  along  the proximal/distal axis into at least 
three distinct pattern  elements  the funiculus, chalaza 
and nucellus (REISER et al. 1995; SCHNEITZ et al. 1995). 
The phenotype of the ino mutant indicates that pat- 
terning  in  the ovule primordium is even more complex. 
First, the  inomutation affects  only the  outer  integument 
within the chalazal region,  indicating an early separa- 
tion of this region  into two separately regulated devel- 
opmental  domains  (one for each of the two integu- 
ments).  Second,  the ino mutant  phenotype highlights 
the fact that Arabidopsis ovules must also establish a 
lateral developmental pattern  in  a  direction  perpendic- 
ular to the ovule  axis. This is first apparent  at stage 2- 
I11  of ovule development when the  outer  integument 
primordia of  wild-type  ovules uniformly initiate on  the 
abaxial sides of ovule primordia (ROBINSON-BEERS et al. 
1992; SCHNEITZ et al. 1995).  The earliest visible effect 
of ino is an  apparent reversal  of  this polarity, resulting 
in initiation of the  outer  integument on the adaxial side 
of each ovule primordium. We note  that  the polarity of 
only the  integument is reversed as bending  at  the base 
of  the nucellus and curvature of the funiculus are  both 
in the  normal adaxial and abaxial directions, respec- 

tively (Figure 1). Examples of polarity mutations, such 
as the tissue polarity mutants of Drosophila (ADLER 
1992), have been described in other systems, but we 
are  not aware of other examples of such polarity  shifts 
in higher plants. 

The lack  of further significant development of the 
misplaced outer  integument  primordia of ino mutants 
could indicate that  the I N 0  gene  product is essential 
for  subsequent steps in outer  integument development. 
Alternatively, the failure to develop could be an indirect 
effect resulting from the misorientation of the integu- 
ment primordium. We have  previously  shown that  the 
Arabidopsis S W  gene is essential for  normal asymmet- 
ric expansion of the  outer  integument (GAISER et al. 
1995).  The specific role of the SW gene in this process 
is suppression of expansion of the  outer  integument 
on  the adaxial side of the ovule. Thus, it seemed possi- 
ble that by placing the  larger  part of the  outer integu- 
ment  primordium  on  the adaxial side of the ovule it 
could fall under this inhibitory influence. The observa- 
tion that sup ino double  mutant plants have  ovules indis- 
tinguishable from ino single mutants shows,  however, 
that this is not  the case (GAISER et al. 1995).  Thus we 
do  not yet  have information to differentiate between 
the two different hypotheses for cessation of outer in- 
tegument  development in in0 mutants. 

ANT and BEL1 appear to be responsible for integu- 
ment initiation (ELLIOTT et al. 1996; KLUCHER et al. 
1996; this work) and integument identity (REISER et al. 
1995), respectively. Our demonstration  that mutations 
in  either of these genes are epistatic to ino shows that 
these two events occur  before  the action of I N 0  on 
orientation of the  outer  integument  primordium,  and 
that all three events are  part of a single pathway. In 
contrast, effects of sin1 were  essentially directly additive 
with those of ino indicating  that these two genes act on 
relatively independent aspects of ovule development. 

The effects  of the ats and in0 mutations were  also 
largely additive but  the  phenotype of the  double  mutant 
aids in interpretation of both mutations. In the  double 
mutant, it appears  that fusion of the  inner  integument 
(mediated by the ats mutation) to the abortive outer 
integument  (caused by the ino mutation) prevents nor- 
mal inner  integument  development.  One  model to ex- 
plain this is that  the ats mutant lacks the  outer layer of 
the  inner integument. This layer may be necessary for 
supporting  normal inner  integument growth. In  the ats 
mutant,  the supportive function of the  outer layer of 
the  inner  integument may be compensated by attach- 
ment to a normally growing outer  integument. The 
absence of this compensating tissue in the  double mu- 
tant would then prevent normal growth of either integ- 
ument. 

Both ino and ats mutants  produce  normal embryo 
sacs (Figure 2B) (LEON-KLOOSTERZIEL et al. 1994), indi- 
cating  that  each of these genes is dispensable for nor- 
mal development of this structure.  In  contrast,  the  dou- 
ble mutant fails to produce  an embryo sac (Figure 2E). 
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One possible explanation  for this is that each of these 
genes plays a role in embryo sac development,  but  that 
either  gene can compensate  for  the absence of the 
other in this process. An alternative, simpler explana- 
tion is that  the  absence of an embryo sac in the  double 
mutant is an  indirect effect of the  other effects of the 
combination of these two mutations.  In  contrast to ei- 
ther single mutant,  the nucellus of the  double  mutant 
remains uncovered by integumentary layers. Thus, it is 
possible that  the  presence of a sheathing  integument 
is a necessary precondition to formation of a normal 
embryo sac. We note  that all other currently described 
mutations  that result in an exposed nucellus (ant, bell, 
and s in l )  are defective in embryo sac formation. 

The altered surface topography of Ino- seeds indi- 
cates that  the  normal differentiation of the cells on the 
outside of a seed is not directed simply by the cells 
sensing their location on  the  outside of  this structure. 
Rather, cells on  the outside of a seed must have derived 
from the  outer  integument to correctly differentiate to 
form the  outside of the  seed coat. This indicates that 
lineage, as well as position is an essential component 
of seed coat development. 

Effects and genetic  interactions of ant mutations: In 
agreement with prior observations, the strongest ant 
mutations result in near  complete  absence of integu- 
ment development  (ELLIOTT et al. 1996; KLUCHER et al. 
1996; this work). This indicates that  the ANT gene acts 
very early in integument  initiation. However, in most 
genetic  backgrounds, even putative null mutants  (EL- 
LIOTT P t  al. 1996; KLUCHER et al. 1996) and  our strongest 
mutant (ant-4), are able to form small integumentary 
ridges. It  therefore  appears  that ANT does not control 
the very earliest steps in integument  development. 
Rather, some other  gene(s) must establish the  anlage 
to the  integument  primordia  (the region destined to 
give rise to these structures) and facilitate initiation of 
expansion. This is consistent with the observation that 
specificity  of initial expression of the BEL1 gene in the 
chalaza of the ovule is unaltered in ant  mutants (REISER 

et al. 1995). An early role of the ANT gene  product is 
then to promote  the  continuation of integument 
expansion. The arrest  in  integument  development is 
not  due to a general  arrest of  all aspects of  ovule  devel- 
opment as cellular differentiation  continues in both the 
funiculus and nucellus of ant  ovules (Figure 4). 

While a megasporocyte differentiates in the nucellus 
of a severe ant  mutant ovule, this  cell commonly fails 
to undergo meiosis and never forms a normal embryo 
sac (ELLIOTT et al. 1996; KLUCHER et al. 1996) (Figure 
2C). In situ hybridizations with the ANT cDNA showed 
that this gene is not expressed in the nucellus at the 
time of megasporocyte differentiation  (ELLIOTT et al. 
1996).  Thus, as hypothesized for  the ino ats double mu- 
tant,  the failure of embryo sac formation in ant mutants 
may be a secondary effect of the absence of integuments 
(ELLIOTT et al. 1996; KLUCHER et al. 1996; this work). 

Additional aspects of ANT gene  function were re- 

vealed by the  phenotypes of our weaker ant alleles. The 
primary differences between alleles are in the  degree 
of suppression of integument expansion. Thus,  integu- 
ment growth may depend  on  the relative quantity of 
ANT activity that is present. A common  feature of  all 
of our alleles is a failure to form two separate integu- 
ments. The size  of the region producing the integu- 
mentary ridge in weak ant  alleles has led us to conclude 
that this single structure results from failure to separate 
the regions that would  give  rise to both  integuments, 
rather  than from the absence of one integument.  Thus, 
the single integument of  weak ant  alleles is similar to 
that  formed  through fusion of the two integuments in 
ats mutants (LEON-KLOOSTERZIEL et al. 1994).  It is also 
possible that  the single integument-like structure  that 
replaces the  integuments in bell mutants derives from 
the region normally giving  rise to both  integuments 
(RAY et al. 1994; GASSER 1996).  Thus,  emergence of two 
primordia from the anlage to the  integuments  appears 
to be a discrete step in integument  formation  that re- 
quires  the  function of at least two, and possibly three, 
different genetic loci. 

With respect to ovule development,  strong ant  alleles 
were epistatic to the tested alleles of ino, bell, sinl, or 
sup. While we have no verification that any of these 
alleles are  true nulls, the  apparent epistasis is in agree- 
ment with the morphological and anatomic analyses 
that indicate that  the effects of strong ant  mutations  on 
integuments manifest themselves before the effects  of 
any  of the  other tested mutations. The absence of integ- 
uments resulting from a strong ant mutation would 
clearly  mask the effects of  all  of these other mutations 
that affect only the form of the  integuments.  Thus, ANT 
appears to be the earliest acting  gene yet identified in 
Arabidopsis ovule development. 

The sinl mutation  accentuates  the narrow petal phe- 
notype of ant-4 mutants, indicating that ANT and SZNl 
are partially redundant in terms of petal development. 
Because petals of ant SINl plants show more  extreme 
phenotypic effects than those of ANT sinl plants, ANT 
plays a more critical role in petal development  than 
SINI. The phenotype of ant sinl double  mutants also 
shows that  the  function  ofANT interacts to some extent 
with that of SINl in stamen development. The stamens 
of sinl mutants were  shown to mature  later  and pro- 
duce significantly  less pollen (in  the Landsberg erecta 
background, see below) than wild-type stamens (ROB- 
INSON-BEERS et al. 1992; LANC et al. 1994). ant4 sinl 
double  mutants  produce even  less pollen than sinl mu- 
tants and exhibit  the  frequent absence of lateral sta- 
mens characteristic of ant mutants. Prior work on ant  
mutants has  shown that ANT and AP2 have  partially 
redundant activities in primordia  formation and devel- 
opment of floral organs (ELLJOTT et al. 1996).  Thus, 
ANT, AP2, and SINl may all act together to promote 
proper growth of several different floral organs. 

All of our studies of interactions of ant and sinl muta- 
tions were performed in the Landsberg erecta back- 
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megaspores 
es 

FIGC'RI:. f.-Modcl for the genetic control of ovule rlevelopment. The overall pathway of Arahidopsis  ovule  development is 
represented in this figure as a scrim of  key dewlopmental stages connected by the processes that arc required to achieve  each 
stage. Thc devclopmcntal  progression  occurs from  left  to  right and is  suhclivided into the three main  parallel  pathways  of 
nucellar, chalazal, and frlnicular  development. The chalazal drvelopment pathway  is fwthcr subdivided into separate pathway 
for  each of thc two integuments. W i t h i n  each integument thcre is separate control of  cell  division and cell expansion. Black 
arrows indicate the nornlal  progression through the ovule dcvclopmcnt pathway. The processes  that the arrows represent are 
descrihed i n  Roman letters next  to the arrows. Lnhels in upper case  italics indicate the points of action of  wild-type genes in 
the pathway. Thin gray arrows, labeled i n  lower  case  italics,  indicate  deviations  from the pathway  caused by specific  mutations. 
The phenotypes of the mutants at anthesis are illustrated in gray to show the results of the deviations from the wild-type  pathway. 
The thick  gray  arrow represents the promotion of embryo sac development by the inner integument. Question rnarks indicate 
genes predicted to  exist by the model which  have not yet been identified. See text for fltrthcr details of phenotypic efTects  of 
the maltations.  es, emhtyo sac;  mmc,  megaspore mother cell. 

ground. LWC; PI NI. (1994; A. RAY, personal  communica- 
tion) have shown that  maccentuates  the effects of the 
sin I mutation. While we have not yet produced all com- 
binations  of  these  genes, nnt ER plants show the  same 
petal phenotype ohsenled in ant YT plants (data  not 
shown).  Thus  the KR gene  either plays no role, or  plays 
a secondary  role, in the  interactions of an/ and sin1 on 
petal  development. 

A model for genetic regulation of ovule develop 
ment: Figure 7 shows a prc%liminary model of the ge- 
netic  control of ovde development.  This  model is based 
on  our analysis o f  ino and ant mutants  and  double mu- 
tants and  on  prior results from other studies on ovule 
development  mutants. Because differential effects of 
mutations on such  structures as the  inner  and  outer 
integuments  indicate  that  the  different  parts of ovules 
develop in at least partial independence,  the  model 
branches  to  include a number of parallel pathways. The 
first branching in the pathway occlm  at control of devel- 
opment of the nucellus (and  megagametophvte),  the 
chalaza, and  the  funiculus consistent with the  three 

zones of the ovule primordium  proposed in previous 
models  (REISER et nl. 1995; SCHNEITL el n/. 1995). The 
chalazal branch of the pathway further subdivides into 
branches  representing  the  separate  pathway  for  inner 
and  outer  integument  development. 

While the on/, sinI, and / d l  mutations all affect em- 
bryo sac formation,  the fact that AN77and BEL1 are  not 
expressed in the nucellus during  the early formation 
of this structure  argues against a direct  role  for  these 
genes  in  this  process (REIsER PI  nl. 19%; ELLIOTT PI nl. 
1996). In addition,  the ino and nfs mutations affect this 
process  only  when present in combination  (Figure  2E). 
The presence of a naked  nucellus in all these mutant 
phenotypes is in agreement with the hypothesis that 
signals from a surrounding  (inner)  integument  are nec- 
essary for  normal  embryo sac development  (REISER et 
nl. 1995; ELIJOT" d 01. 1996; this work). The role of the 
integuments  in this process must begin after  differentia- 
tion of the  megaspore  mother cell as this process can 
occllr in all of  these  mutants. The model  therefore in- 
cludes  promotion of meiosis and embryo sac deyelop- 



Arabidopsis  Ovule  Development 1123 

ment by the  inner  integument following megaspore 
mother cell formation. The contribution must be more 
than  just  the  presence  or  absence of a  surrounding 
layer, as embryo sac development  proceeds further in 
the bell mutant  than  in  the sinl mutant (ROBINSON- 
BEERS et al. 1992) despite the fact that  the  inner integu- 
ment is more fully developed in  the sinl mutant. 

All  six Arabidopsis genes included  in our model act 
in  the  integument  development  branch of the pathway. 
As noted above, ANTappears to act  earlier  in this pro- 
cess than  the other currently described genes. BELl 
acts before, and ATS acts in,  the  subsequent  step of 
separation of the inner  and  outer integuments (ROE 
INSON-BEERS et al. 1992; LEON-KLOOSTERZIEL et al. 1994; 
RAY et al. 1994). bell mutations subsequently lead to a 
complete deviation from the  normal ovule develop- 
ment pathway (ROBINSON-BEERS et al. 1992; MODRUSAN 
et al. 1994; RAY et al. 1994; REISER et al. 1995).  In con- 
trast, the ats mutant  produces viable seeds (LEON- 
KLOOSTERZIEL et al. 1994),  indicating  that its  effects are 
specific to the  integument  separation process and that 
later steps in ovule development  proceed normally de- 
spite the  failure in separation. The I N 0  gene must act 
after  the BELl gene, because of the epistasis  of bell with 
respect to ino, but  appears to first act  at approximately 
the same time as the ATS gene. 

We have  previously  shown that  the loss  of integument 
identity in bell mutants was associated with elevated 
expression of AG mRNA, and that  induced ectopic AG 
expression could  produce an  apparent  phenocopy of 
the bell mutation. On  the basis  of these observations, 
we proposed  that  a primary function of BELl was sup- 
pression of AG during  integument  development (RAY 

et al. 1994). However, the  more  recent observation that 
there is substantial overlap between the regions of  ex- 
pression of BELl and AG early in integument develop- 
ment is inconsistent with this simple model (REISER et 
al. 1995).  Thus, it appears  that  the absence of BELl 
activity can directly lead to loss  of integument identity 
and  that ectopic expression of AG produces  a similar 
loss of integument identity through  a  separate mecha- 
nism. Further  experimentation may resolve the appar- 
ent discrepancy between these two sets of data,  but  for 
now  we are unable to assign a specific role to AG in the 
ovule development pathway. 

The  other genes act in later stages of integument 
development. SIN1 has been shown to be necessary for 
proper  elongation of cells of both  integuments  but  does 
not govern cell number in these structures (ROBINSON- 
BEERS et al. 1992; LANG et al. 1994). This indicates that 
the processes of cell division and elongation in integu- 
ments  are  at least partially under separate  control, and, 
therefore, these processes are separated  in our model. 

SUP and IN0 are  both  required  for  proper cell  divi- 
sion in  the  outer  integument  and have no direct role 
in inner  integument  development (GAISER et al. 1995; 
this work). Because ino is epistatic to sup with respect 
to ovule development (GAISER et al. 19951, IN0 appears 

to act earlier in outer  integument  development  than 
does SUP. The differential effects of these two genes 
on  the two integuments  demonstrate  that inner  and 
outer  integument  development  represent  independent 
parallel events and they are therefore shown separated 
in our model. 

Our model is consistent with recent molecular data. 
The expression of ANTin  the  placenta  (ELLIOTT et al. 
1996) precedes  that of BELl in ovule primordia (REISER 
et al. 1995; KLUCHER et al. 1996), consistent with our 
epistatic analysis and  the placement of the two genes 
in the pathway. 

Certain alleles of the Arabidopsis apetala2 ( $ 1 2 )  mu- 
tation have been shown to have  effects on early aspects 
of ovule development (MODRUSAN et al. 1994). How- 
ever, up2 plants produce  both  aberrant  and  normal 
ovules. In addition, other apparently  strong up2 alleles 
result in normal ovules and only affect later stages of 
development of these structures during seed formation 
( JOFUKU et al. 1994). Because  of  this  variability in the 
effects of mutations in this gene, we did  not assign a 
role to AP2 in our model of regulation of ovule develop 
ment. 

Two genes, FBP7 and FBPll, which appear  to  be in- 
volved in ovule initiation and identity in  petunia, have 
recently been characterized (ANGENENT et al. 1995; CO- 
LOMBO et al. 1995).  These two genes encode MADS 
box transcription factors (ANGENENT et al. 1995),  and 
Arabidopsis is known to contain  a family  of related 
genes (MA et al. 1991; ROUNSLEY et al. 1995; SAVIDGE et 
al. 1995),  including one ( A G L l l )  that is  very similar in 
sequence and expression pattern  to FBP7 and FBPll 
[ (ROUNSLEY et al. 1995; ANGENENT and COLUMBO 
1996), YANOFSKY Lab WWW Pages (URL at  http:// 
glamdring.ucsd.edu/ others/yanofsky/home.html)]. 
We, therefore, hypothesize that AGLl l ,  or another or- 
tholog of FBP7/ 11, is involved in activation of the Arabi- 
dopsis ovule development  program. 

To accommodate new data, our proposed  model is 
more complex than those previously published (REISER 
et al. 1995; SCHNEITZ et al. 1995; ANGENENT and CO- 
LOMBO 1996).  The most significant changes in the 
model  are  the increase in the  number of developmental 
zones within the ovule primordium and the  branched 
topology indicating parallel independent develop- 
mental pathways. Our model must be considered pre- 
liminary as the epistatic analysis between the currently 
identified genes is not yet complete. However, the 
model is testable as it predicts the existence of addi- 
tional regulatory genes and the  patterns of expression 
and timing of  activity  of  known genes. Further screen- 
ing  for  additional  mutants, in combination with genetic 
and molecular characterizations, will allow testing these 
predictions to further refine  understanding of genetic 
control of  ovule development. 

We thank JEAN BROADHVEST and BERNARD HAUSER for helpful dis- 
cussions and for comments on the manuscript, LINH NGLWEN, DOUG 
IAS SELMER, JASON MELVIN, KATKY HONG, KEVIN ADAIR, PRESTON 



1124 S. C. Baker et al. 

FORD and KARINE HOVANES for excellent  technical support, DAPHNE 
PW.USS for the ant-4 mutant, DIANA MYI.ES for use of and instruction 
on the confocal microscope, and MICHAEL  DUNLAP of the Facility for 
Advanced Instrumentation  at  the University of California, DAVIS, and 
DONNA HIIL of the Electron Microscopy Laboratory of the College of 
Agriculture at Virginia Polytechnic Institute  for assistance in  scanning 
electron microscopy. This work was supported by Cooperative State 
Research Service Award, US. Department of Agriculture  92-37304 
7756 and National Science Foundation Award  IBN-9507157 (to 
C.S.G.), a U.S. Department of Agriculture  National Needs Graduate 
Fellowship (to S.C.B.),  a  National Science Foundation Training  Grant 
Fellowship (to J.M.V.), and a  National  Science  Foundation  Plant Biol- 
ogy Postdoctoral Fellowship (to K.R.-B.) 

LITERATURE CITED 

~ L E R ,  P. N., 1992 The genetic  control of tissue polarity in Drosoph- 

ANCENENT, G. C., and L. COLOMBO, 1996 Molecular control of ovule 
ila. Bioessays 1 4  735-741. 

development. Trends Plant Sci. 1: 228-232. 
ANGENENT, G. C., J. FRANKEN, M. BUSSCHER, A. VAN DIJKEN, J. L.  VAN 

WENT et ul., 1995 A novel class  of MADS box genes is involved 
in ovule development in petunia.  Plant Cell 7: 1569-1582. 

BEL.]., C. J.,  and J. R.  ECKER, 1994 Assignment of 30 microsatellite 
loci to the linkage map of Arabidopsis. Genomics 19: 137-144. 

BOWMAN, J. I.., H. SAKAI, T. JACK, D. WEIGEI., U. MAYER et al., 1992 
SUPERMAN, a regulator of floral homeotic  genes in Arahidopsis. 
Development 114: 599-615. 

COEN, E. S., and E. M. MEYEROWITZ, 1991 The war  of the whorls: 
genetic  interactions  controlling flower development.  Nature 353: 
31-37. 

COI.OMBO, L., J. FRANKEN, E.  KOETJE, J. VAN WENT, H.J .  M. DONS et 
al., 1995 The  petunia MADS box gene FBPf f determines ovule 
identity. Plant Cell 7: 1859-1868. 

E I . I m T r ,  R. C., A. S. BETZNER, E. HUTTNER, M. P. O m s ,  W. Q. J. 
TUCKER et al., 1996 AINTEGUMENTA, an APETAIAZ-like gene 
of Arabidopsis with pleiotropic roles in ovule development and 
floral organ growth. Plant Cell 8: 155-168. 

ESAU, K., 1965 Anatomy of Seed Plants. John Wiley & Sons, New York, 
NY. 

GAISER, J. C., K. ROBINSON-BEERS and C. S. GASSER, 1995 The Arabi- 
dopsis SUPERMAN gene mediates asymmetric growth of the 
outer  integument of ovules. Plant Cell 7: 333-345. 

GASSER, C. S., 1996 Homeodomains  ring a BELL in plant develop- 
ment.  Trends Plant Sci. 1: 134-136. 

GASSER, C. S., and K. ROBINSON-BEERS, 1993 Pistil development. 
Plant Cell 5 1231-1239. 

GASSER, C. S., K. ROBINSON-BEERS, S. C.  BAKER and J. C. GAISER, 1994 
Genetic analysis  of ovule development  in Arabidopsis thaliana, pp. 
15-28 in  Pollen-Pistil  Interactions, edited by T.-H. KAO and A.  G. 
S~EPIIENSON. American Society of Plant Physiologists, Rockville, 
MD. 

HUI.SKAMP, M., K. SCHNEITZ  and R. E. PKUITT, 1995 Genetic evi- 
dence  for a  long-range activity that directs  pollen tube guidance 
in Arabidopsis. Plant Cell 7: 57-64. 

JOFUKLI, K. D., B. G. W. DEN BOER, M.  VAN MONTACU andJ.  K. Om- 
MURC), 1994 Control of Arabidopsis flower and seed develop 
ment by the homeotic gene APETALA2. Plant Cell 6: 1211-1225. 

KLUCIIER, K. M., H. CHOW, I.. REISER and R. L. FISCH~R, 1996 The 
AIhTEGUMEhTA gene of Arabidopsis required  for ovule and 
female gametophyte development is related to  the floral home- 
otic gene APKTALAP. Plant Cell 8: 137-153. 

KONIE(:ZNY, A,, and F. M. AUSUBEL, 1993  A procedure  for  mapping 

Arubidopsis mutations using cc-dominant ecotype-specific PCR- 
based  markers.  Plant  J. 4 403-410. 

K R A N L ,  A. R., and B. KIRCHHEIM, 1987 Arabidopsis Information Ser- 
vice, v. 2 4  Genetic Resources in Arabidopsis. Arabidopsis Informa- 
tion Service, Frankfurt, Germany. 

LANDER, E. R., P. GREEN, J.  ABRAHAMSON, A. BARLOW, M. DALY et ul., 
1987 MAPMAKER an interactive computer package for con- 
structing primary genetic linkage maps of experimental  and nat- 
ural populations.  Genomics 1: 174-181. 

LAN(;, J. D., S. RAY and A. RAY, 1994 sinf, a mutation affecting fe- 
male fertility in Arabidopsis, interacts with  modf,  its  recessive 
modifier. Genetics 137: 1101-1110. 

LEON-KI.OOSTF,RZIEI., K. M.,  C. J. KEIJZEK and M. KOORNNFXF, 1994 
A  seed shape  mutant of Arabidopsis that is affected in integu- 
ment development.  Plant Cell 6: 385-392. 

MA, H., 1994 The unfolding drama of flower development-recent 
results from  genetic and molecular analyses. Genes Dev. 8: 745- 
756. 

MA, H., M. F. YANOFSKY and E. M. MEYEROWIT& 1991 AGIJ-AGL6, 
an Arahzdopsis gene family  with similarity to floral homeotic and 
transcription  factor  genes.  Genes Dev. 5 484-495. 

MODRUSAN, Z., L. REISER, K. A. FEI.DMANN, R. L. FISCHER and G. W. 
HAUGIIN, 1994 Homeotic  transformation of ovules into carpel- 
like structures in Arabidopsis. Plant Cell 6 333-349. 

RAY, A., K. ROBINSON-BEERS, S. RAY, S. C. BAKER, .J. D. LAN(; rt d., 
1994 The Arabidopsis floral homeotic gene BELL ( B E L f )  con- 
trols ovule development through negative regulation of ACA- 
MOUS gene  (AG). Proc. Natl. Acad. Sci. USA 91: 5761-5765. 

REIsaR, L., and R. 1.. FISCHER, 1993 The ovnle and embryo sac. Plant 
Cell 5: 1291-1301. 

REISER, L., 2. MODRUSAN, L. MARGOSSIAN, A. SAMXH, N. OIW et 
al., 1995 The BELLI gene  encodes a  homeodornain  protein 
involved in pattern formation in the Arabidopsis ovule prirnor- 
dinm. Cell 83: 735-742. 

ROBINSON-BEERS, K., R. E. PRUITT and C. S. GASSER, I992 Ovule de- 
velopment in  wild-type Arabidopsis and two female-sterile mu- 
tants.  Plant Cell 4: 1237-1249. 

R(>UNSI.F.Y, S. D., G. S. DITTA and M.  F. YANOFSKY, 1995 Diverse roles 
for MADS box genes in Arabidopsis development.  Plant Cell 7: 
1259-1269. 

SAKAI, H. ,  L. J. MEDKANO and E. M. MEYEROWIT%, 1995 Role of .TU- 
PERMAN in maintaining Arabidopsis floral whorl boundaries. 
Nature 378: 199-203. 

SAVIDCL, B., S. D. ROUNSIXY and M.  F. YANOFSKY, 1995 Temporal 
relationship between the transcription of two Arabidopsis MADS 
box genrs  and  the floral organ identity  genes.  Plant Cell 7: 721 - 
33. 

SCHNEITL, K.,  M.  Ht!l.SmMP and R. E. PRUITT, 1995 Wild-type ovule 
development in Arabidopsis thalianu-a light  microscope study 
of cleared  whole-mount tissue. Plant  J. 7: 731-749. 

SCHLII.TZ, E. A,, F. B. P I C K F . ~  and G. W.  HAtGHN, 1991 The FLOfO 
gene  product regulates  the  expression domain of homeotic 
genes AP3 and PI in Arabidopsis flowers. Plant Cell 3: 1221- 
1237. 

S ~ H ,  D. R., J. L. BOWMAN and E. M. MEWKOWITL, 1990 Early 
flower development in Arabidopsis. Plant Cell 2: 755-767. 

STEWART, W. N., 1983 Paleobotany and thr Evolution !/Plants. Cam- 
bridge University Press, New York, NY. 

VOLLBRECHT, E., and S. HAKE, 1995 Deficiency analysis  of female 
gametogenesis in maize. Dev. Genet. 16: 44-63. 

WFJGLI., D., and E. M. MEW.ROWITZ, 1994 The ABCs of floral home- 
otic genes. Cell 78: 203-209. 

YANOFSKY, M. F., 1995 Floral meristems to floral organs-genes corn 
trolling early events in Arabidopsis flower development. Annu. 
Rev. Plant Physiol. Plant Mol. Biol. 46: 167-188. 

Communicating  editor: J. CHORY 


